In this work a vapor-phase-assisted approach for the synthesis of monolayer MoS 2 is demonstrated, based on the sulfurization of thin MoO 3Àx precursor films in an H 2 S atmosphere. We discuss the co-existence of various possible growth mechanisms, involving solid-gas and vapor-gas reactions. Different sequences were applied in order to control the growth mechanism and to obtain monolayer films. These variations include the sample temperature and a time delay for the injection of H 2 S into the reaction chamber. The optimized combination allows for tuning the process route towards the potentially more favorable vapor-gas reactions, leading to an improved material distribution on the substrate surface. Raman and photoluminescence (PL) spectroscopy confirm the formation of ultrathin MoS 2 films on SiO 2 /Si substrates with a narrow thickness distribution in the monolayer range on length scales of a few millimeters. Best results are achieved in a temperature range of 950-1000
Introduction
Recently there has been considerable interest in the synthesis and investigation of novel two-dimensional semiconducting materials, such as transition metal dichalcogenides (TMDC), for application in next-generation ultrathin and exible electronics. [1] [2] [3] [4] [5] As one of the most widely studied TMDC materials, MoS 2 shows unique optical and electronic properties, occurring as a result of quantum connement and decreased screening when the lms are reduced to a quasi-two-dimensional monolayer structure. Considerable efforts have been made to achieve monolayer lms, particularly using processes that are compatible with state-of-the-art industrial fabrication technologies. Chemical Vapor Deposition (CVD), for example, is an established fabrication process and a promising approach for large area deposition of ultrathin TMDC lms. 6 However, 2D MoS 2 layers from mechanical exfoliation show better mobility and electronic characteristics when compared to CVD-processed layers. [7] [8] [9] [10] High mobilities up to 30 cm 2 V À1 s À1 were achieved by MO-CVD processes, which are also promising for large area deposition approaches.
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Although remarkable efforts have been made for developing bottom-up deposition approaches, [13] [14] [15] the understanding of the reaction and growth mechanisms are still at an early stage. Thus, growing closed layers on areas above the hundred mm range with opto-electronic quality comparable to that of exfoliated akes remains a challenge. 10, [16] [17] [18] This strongly requires strategies apart from the conventional CVD approaches, which rely on the sulfurization of various Mo-precursors at a thermodynamically suitable temperature and pressure combination 7, 8, [16] [17] [18] and allow for only a moderate control on the spontaneous growth of layers or islands.
The formation of high-quality monolayers can be considered to include two key aspects, namely the synthesis reaction of MoS 2 , and its homogenous distribution on the substrate surface. These two steps may happen simultaneously but should be addressed separately by means of an additional process parameter, so that an improved control on the layer thickness is achieved.
In this work, we present a vapor-phase-assisted growth approach for the synthesis of MoS 2 lms in the monolayer regime, which includes the rapid heating of pre-deposited MoO 3Àx precursor lms and the subsequent sulfurization using H 2 S gas. We show the control on layer thickness by introduction of an additional process parameter, which is the timing of H 2 S exposure of the MoO 3Àx precursor lm, resulting in a quasi-kinetic process control regime. The optimization of this parameter along with the appropriate temperature and pressure combination allows for reproducible growth of MoS 2 monolayers. Our optical and structural investigations demonstrate the coverage of the substrate surface over sample areas up to the mm scales.
Experimental section
MoO 3Àx precursor lms of various thicknesses were grown by electron-beam evaporation on: (i) native oxide covered bare Si substrates and (ii) 100 nm SiO 2 coated Si substrates. The substrates were placed face down above the MoO 3 source in a rotating substrate holder to improve deposition homogeneity. Evaporation was performed in an argon atmosphere at a pressure of 5 Â 10 À4 mbar (background pressure smaller than 10 À5 mbar). The power of the electron-beam was controlled by a PID loop to maintain a deposition rate of $0.3Å s À1 , measured by a quartz crystal microbalance. A mechanical shutter was used to limit the deposition duration and obtain the desired nominal thickness. Sulfurization of the MoO 3Àx layer was performed in a rapid thermal processing system (RTP, Annealsys AS-one 150) with the substrate placed face-up on a graphite susceptor, while heated from the top. Aer ve pump/purge cycles with N 2 to remove air and moisture, the RTP chamber was pumped down to about 0.01 mbar, which is the common starting point for the entire set of experiments described in the following. The further process consists of two main parts, which are (i) injection of a H 2 S/N 2 gas mixture (5%/95%) and (ii) a reactive annealing step. Process parameters, such as the relative timing of both parts and the annealing temperature, determine the type of the reaction mechanism and resulting material characteristics, as detailed later. The H 2 S/N 2 gas injection was performed until a reactor pressure of 60 mbar was reached (duration about 2 min at a ow rate of 117 sccm). Aer reaching a pressure of 60 mbar, a constant H 2 S/N 2 ow of 20 sccm was kept until the end of the reaction process, during which the pressure was maintained constant using a closed-loop-controlled throttle valve.
During the annealing step the chamber was heated to a preset target temperature (650-1000 C) at a ramp rate of 3 C s À1 . The temperature was measured at the graphite susceptor by a thermocouple. The holding time for the main reaction process aer reaching the desired pressure and temperature was set to 10 minutes. At the end of the process, the heating and the gas ow were switched off and the sample was le to cool down to $150 C inside the chamber. Finally, a N 2 purge/pump cycle was realized to decontaminate the chamber and to bring it to atmospheric pressure. Raman and photoluminescence (PL) spectroscopy of the samples were performed in a Horiba LabRAM Aramis confocal microscopy setup with an excitation wavelength of 457.9 nm and a spot size of approximately 1 mm. For a quantitative evaluation of the optical properties of the prepared layers, additional reference samples were prepared by mechanical exfoliation of natural MoS 2 crystals, using a deterministic alldry stamping method.
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Results and discussion
For understanding the MoS 2 formation and achieving the growth of ultrathin lms, we synthesized MoS 2 lms on bare silicon substrates, starting from MoO 3Àx precursor layers of various thickness (0.6, 1.5 and 2.0 nm) at an annealing temperature of 700 C.
Different process sequences were chosen, varying the timing of the H 2 S gas injection and the temperature of reactive annealing. In terms of H 2 S injection times, these sequences are dened as follows:
(a) At the start of the process at room temperature (process-a).
(b) At a target temperature of 700 C (process-b).
(c) Aer a delay of 10 s when the target temperature of 700 C was reached (process-c).
These process sequences can be considered to result in three different classes for the reaction process, moving from a conventional solid-state annealing process towards a vaporphase-assisted process, which will be explained in detail further below.
Raman spectra were recorded on all synthesized samples which exhibit ubiquitously two characteristic peaks corresponding to two different phonon modes, In case of process-b and process-c, the samples prepared using thicker MoO 3Àx layers, contain two or three MoS 2 layers. In contrast, when using a nominal precursor thickness of 0.6 nm, the obtained Raman peak separation matches the values reported for MoS 2 monolayers.
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To further conrm that lms with a monolayer thickness were synthesized, PL measurements were performed. The expected main PL peak position for monolayer MoS 2 at room temperature is reported to be between 1.82-1.89 eV, 24 depending on the environment, substrate and synthesis technique. 25 In addition to the peak position, PL intensity of MoS 2 lms increases drastically as the number of layers decreases to a monolayer due to the evolution of the band gap from an indirect to a direct transition.
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In Fig. 1(b) the PL spectra for MoS 2 samples processed from the 0.6 nm thick MoO 3Àx precursors are depicted. The spectra show a strong increase of the PL intensity at a peak position of $1.88 eV comparing samples prepared by process-a, -b and -c. These results clearly corroborate the existence of MoS 2 monolayers obtained from the 0.6 nm MoO 3Àx precursor lms using process-c. For the samples prepared by process-a and -b, low PL yields are obtained, which, in the case of process-a, further supports the formation of multiple MoS 2 layers. In the case of process-b, the PL intensity is unexpectedly low, although Raman results indicate monolayer lms. Reduced PL yield might be connected to the co-existence of mono-and bilayer lms or could be result of a high defect density, leading to efficient non-radiative recombination channels.
To further investigate the effect of the H 2 S injection delay as well as the effect of process temperature on the MoS 2 formation and layer growth, we performed a detailed experimentation on 0.6 nm MoO 3Àx precursor lms at different target temperatures and with different H 2 S injection times. All experiments were carried out with the same heating rate of 3 C s À1 . The H 2 S injection started with a delay of 0 s and 10 s aer reaching the desired temperature, corresponding to process-b and process-c, respectively. In Fig. 2(a) , the resulting d values are shown for various temperatures and injection delays. For the samples processed at 650 C, the Raman peak separation indicates the formation of 2 to 3 layers of MoS 2 . The corresponding PL (Fig. 2(b) ) supports these ndings. Samples prepared at 700 C, were discussed in the previous section. At 750 C, both samples show clear indication of monolayer formation both from Raman and PL, indicating a stable processing region. At higher temperature (T ¼ 800 C), the sample shows Raman and PL spectra corresponding to monolayer MoS 2 , but with a slight increase in Raman peak distance and decreased PL yield for delayed H 2 S injection times. We note that the Si substrate with native oxide becomes unstable under H 2 S atmosphere at temperatures exceeding 800 C, and reaction products (potentially SiS x
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) are formed at the substrate edges.
In addition, cracks and imperfections are visible on the substrate. This surface deterioration at higher temperatures can be expected to affect the characteristics of the resulting MoS 2 lms, which may lead to a higher d-value and reduced PL intensity.
Since in the literature 28 best MoS 2 layer qualities are commonly achieved at process temperatures higher than 800 C, we performed additional experiments on Si substrates with a dened SiO 2 layer (100 nm layer thickness). These substrates show a better thermal stability than the surface of bare Si wafers and can be processed at up to 950 C without surface deterioration. The samples prepared (using process-b) in the temperature range of 750-900 C exhibit Raman and PL spectra mainly in the monolayer regime, but with slight variations within each sample, which can be explained by inhomogeneous growth of MoS 2 on the substrate. The samples processed at 950 and 1000 C (using process-b) appear to be homogeneous within the detection limits of the used confocal microscopy setup. This is illustrated in Fig. 3 , which shows Raman and PL spectra taken at the corners and at the center of each of these samples, which are 5 mm Â 5 mm in size. As shown in Fig. 3(a) and (c), the Raman peak spacing for both samples is in good agreement with that of monolayer MoS 2 . In Fig. 3(b) and (d) the PL spectra for both samples are plotted together with a spectrum from an exfoliated MoS 2 monolayer ake. We note that PL intensities of MoS 2 monolayers on SiO 2 /Si substrates are about one order of magnitude higher compared to samples on bare silicon substrates. In fact, the MoS 2 lms prepared on SiO 2 /Si show a comparable PL intensity to exfoliated monolayers. In the inset of Fig. 3(b) and (d), the shape of the PL peaks is clearly visible and the location of the peaks are 1.86-1.89 eV and a shoulder around 2.05 eV, which is consistent with the reported PL peak position for monolayer MoS 2 synthesized by CVD techniques. [29] [30] [31] [32] The graphs show a very similar peak shape for exfoliated and as-grown monolayers, and the peak position for the 1000 C samples matches nicely with the PL from the exfoliated sample. For exfoliated akes, the intensity ratio r ¼ I(A 1g )/I(E 2g ) of the two Raman peaks is in the range of one, and akes exhibiting r > 1 were shown to contain sulfur vacancies.
33,34 MoS 2 monolayers grown by bottom-up approaches typically show r-values significantly higher than one. 11, 13 In our samples, we nd r z 1.7 at the highest process temperature of 1000 C. Notably, we observe the highest PL intensity for the sample with the lowest r-value, supporting the notion that the Raman intensity ratio is a valuable measure for crystal quality. However, it is not immediately obvious up to what extent; spectroscopic correlations developed for exfoliated akes can be quantitatively applied to grown nanocrystalline lms.
To investigate the homogeneity of the MoS 2 layers not only on the mm scales but also on the micrometer scale, a Raman mapping was performed on the sample processed at 950 C. Fig. 4(a) shows the variation in the d value on an area of 40 Â 40 mm. An area with a surface artifact was intentionally chosen to facilitate a reproducible selection of the investigated region on the sample. A PL mapping (Fig. 4(b) ) performed in the same region conrms the homogeneity and high PL yield for the entire area. In the ESI, † scanning electron micrographs as well as an optical overview image are provided.
In the following, we will discuss our ndings on the basis of different reaction and growth mechanisms. MoS 2 synthesis from MoO 3 is usually considered as a two-step process comprising partial reduction of MoO 3 into MoO 3Àx under a reducing atmosphere, e.g. using H 2 , at T $ 500-600 C followed by sulfurization, e.g. using S, at T $ 850-1000 C.
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Studies also suggest that the MoS 2 lms produced by a direct one-step sulfurization (i.e. without the intermediate step of partial reduction of MoO 3 under H 2 gas) were of inferior quality in terms of electrical properties. 18 In the present work, the H 2 S gas, used as a sulfur source, has the benecial side effect to further reduce the oxidation state of the evaporated MoO 3Àx lms. The processing was performed in the range of the decomposition temperature of H 2 S, so that a mixture of H 2 , S and H 2 S (abbreviated as H 2 S/S) is expected to be present in the chamber (at T ¼ 650 C the total conversion of H 2 S to H 2 and S is about 10%
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). Furthermore, at the employed process temperatures (T $ 650 C), MoO 3 is considered to evaporate. 38, 39 In agreement with this physical picture, longer waiting times before H 2 S injection, i.e. going from process-a to -b and -c, and temperatures above 650 C (cf. Fig. 1 and 2 ) result in thinner MoS 2 layers due to intermediate evaporation. We note that for the chosen temperature ramp and a process at 750 C (Fig. 2 , blue data), the sample already was at a temperature above 650 C for 33-43 s at the time of H 2 S injection, so that signicant MoO 3Àx evaporation is expected before the reaction initiates. MoO 3Àx atomic layers directly bonded to the substrate may show a higher evaporation temperature as compared with MoO 3Àx bulk material, resulting in a self-limiting evaporation similar as in atomic layer deposition approaches. This statement indeed raises a further question: does the evaporated MoO 3Àx get lost from the process environment or does it play a role in the further lm formation by acting as a vapor phase precursor for the synthesis of MoS 2 ? To address this crucial question, we placed a small piece of substrate, which was coated with the MoO 3Àx precursor in face-up orientation on a blank substrate. We conducted the experiment as process-b sequence at various temperatures and found a clear MoS 2 Raman signal on the previously blank substrate in the region adjacent to the precursor covered substrate. This outcome clearly conrms the presence of a CVD like vapor phase transport or reaction mechanism involving MoO 3Àx vapor and H 2 S/S. This experiment was repeated on a silicon substrate (at a susceptor temperature of 850 C) with a 280 nm SiO 2 coating, which is known to have better optical contrast for visualization of MoS 2 . Summarizing the discussion above, including the reaction sequence yielding MoS 2 , the evaporation of MoO 3Àx , the observed vapor phase reaction for MoS 2 deposition, and the possible reaction pathways reported in literature, 35, 38 we can state that the presented process involve the following reaction mechanisms:
(a) Reaction of solid MoO 3Àx layers with H 2 S/S to form MoS 2 layer (reaction pathway-1).
(b) Reaction of vapor phase MoO 3Àx with H 2 S/S to form MoS 2 , which adsorbs and grows on the substrate (reaction pathway-2).
(c) Re-adsorption and diffusion of vapor phase MoO 3Àx on the substrate and reaction in the solid phase with H 2 S/S to form the MoS 2 on the substrate (reaction pathway-3).
Despite the general possibility of all these reaction pathways taking place at the same time, we can discern different probabilities for these routes for different process parameters. In case of process-a (see Fig. 1 ), when H 2 S is available from the beginning of the process, the reaction of MoO 3Àx with H 2 S can start already even at T < 400 C, 41 which is signicantly below the evaporation temperature of MoO 3Àx . Therefore, all samples prepared up to 650 C can be considered to follow mainly reaction pathway-1. Even at 700 C, for which the evaporation temperature of MoO 3Àx is just crossed, the sample would also predominantly react through reaction pathway-1, i.e. with sulfurization occurring before signicant evaporation. This is drastically changed in case of process-b and processc, since the H 2 S gas was not injected before reaching the desired process temperature, so that a noticeable amount of MoO 3Àx would be already evaporated. This drives the reaction type from pathway-1 towards pathway-2 and -3, especially for higher temperatures and/or later injection times. In accordance to this description we do not see a noticeable difference between process-b and -c for the 0.6 nm sample for the process temperature of 650 C, which both give a d value of about 22 cm À1 . Here the main reaction takes place most likely via pathway-1.
In case of 700 C susceptor temperature and process-b or process-c the reaction was accordingly pushed further towards pathway-2 and pathway-3, assumingly still keeping a fraction of pathway-1 in the process. Already at 0 s injection delay (processb) a signicant amount of MoO 3Àx is evaporated to result in a d value in the range of monolayer (even if PL did not conrm this clearly, see above). An injection delay of 10 s (process-c) resulted in a clear monolayer signal both from Raman and PL, as the process was pushed further towards pathway-2 and -3 and away from pathway-1. For the discussed results at 750 C and above the same arguments are valid, leading to a stronger fraction of pathways-2 and 3 compared to pathway-1. It is important to note that higher temperatures, longer H 2 S injection delays, and different pressure conditions can lead to an escape of the precursor vapour from the vicinity of the substrate surface, preventing the formation of MoS 2 layers. It is expected that pathway-2 and -3 result in a more homogeneous distribution of MoS 2 on the substrate, compared to pathway-1. In case of pathway-1, the homogeneity and thickness of MoS 2 is directly inuenced by the corresponding properties of the MoO 3Àx precursor layer. For pathways-2 and -3, a rather homogeneous distribution of the reactants occurs through the vapor phase, leading to MoS 2 lm quality largely independent from the initial MoO 3Àx lm morphology.
An interesting aspect for future works concerns the nanoscale morphology of the prepared monolayers. Although we could demonstrate homogeneous optical properties on length scales from about 1 mm up to several millimeters, the lms are expected to be poly-crystalline due to the nature of the growth process. A detailed investigation of nanoscale inhomogeneities, including grain size distributions, grain orientations, grain boundaries as well as possible amorphous regions, may provide further insights and a further understanding of the growth process and potential optimization strategies for tunable optoelectronic properties.
Conclusion
In conclusion, we have demonstrated an approach to synthesize MoS 2 thin layers by sulfurization of thermally evaporated MoO 3Àx precursor layers. Raman and PL spectroscopy conrmed the formation of MoS 2 monolayers above a temperature of 700 C on Si substrates with native oxide and on 100 nm SiO 2 /Si substrates. We have further investigated possible variations in the process sequence and their inuence on the possible reaction pathways for MoS 2 lm formation. Our study reveals that, in addition to the process temperature, the delay time for the H 2 S injection is a crucial kinetic parameter, which determines the extent of evaporation of the MoO 3Àx precursor. This ultimately governs the reaction path (solid or vapor phase reaction) and thickness of the resulting MoS 2 layers. The asgrown monolayer samples which were processed in the temperature range of 950-1000 C exhibit a PL yield on the same quantitative level as exfoliated monolayer akes.
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